Persistent inward currents (PICs), as considered in this review, are generated by voltage-sensitive Na and Ca currents that inactivate slowly. This voltage dependence distinguishes PICs from ion channels that simply remain open at all times, such as the K channels generating the resting membrane potential in neurons. PICs thus provide a sustained depolarization whenever the cell's membrane potential exceeds the channel's activation voltage. Here we focus on spinal motoneurons, where PICs are especially strong and where their functional role has been studied in detail.
Persistent inward currents (PICs), as considered in this review, are generated by voltage-sensitive Na and Ca currents that inactivate slowly. This voltage dependence distinguishes PICs from ion channels that simply remain open at all times, such as the K channels generating the resting membrane potential in neurons. PICs thus provide a sustained depolarization whenever the cell's membrane potential exceeds the channel's activation voltage. Here we focus on spinal motoneurons, where PICs are especially strong and where their functional role has been studied in detail.
Motoneurons are unique among CNS cells in two important respects. The first point to consider is that motoneurons are the primary output cells for the CNS, allowing us to act on our environment. Each motoneuron innervates a unique set of muscle fibers in one muscle, forming the motor unit. Hence, Sherrington thus referred to the motoneuron as the "final common pathway" for motor commands. Normally, muscle fiber action potentials of a motor unit are one-to-one with those of its motoneuron (Kernell 2006) . This link provides the second unique aspect of the motoneuron: it is the only neuron in the CNS whose firing patterns can be readily measured in humans. It is relatively simple to insert fine wire electrodes in human muscles (as well as into muscles of intact animals) to record motor unit actions potentials. Recordings of motor unit firing patterns have long been a standard clinical evaluation tool for neurology as well as a basic tool for numerous scientific studies of human motor control. Thus, the motoneuron potentially provides a window on CNS function. A primary question addressed by this review is: to what degree can motor unit firing patterns reveal the cellular properties of motoneurons and organization of their synaptic inputs?
The key issue in addressing this question has proven to be neuromodulation of PICs. Like most neurons, the synaptic input to motoneurons includes both ionotropic inputs, to generate the fast excitatory postsynaptic potentials (EPSPs), and inhibitory postsynaptic potentials (IPSPs) that depolarize and hyperpolarize the cell, and neuromodulatory inputs, which act via G protein-coupled receptors to alter intrinsic electrical properties. The neuromodulatory control of PICs and other properties of motoneurons have proven to be unexpectedly strong, so that the motor output generated by a given pattern of ionotropic input can vary greatly, depending on the level and type of neuromodulatory input. To date, attempts to quantify the input-output relations of a motor pool (= the set of motoneurons innervating a single muscle) have assumed that, except for threshold behaviors, motoneuron
Basic Electrical Properties of Motoneurons
The properties of motoneurons have recently been reviewed in an outstanding monograph by Kernell (2006) (see also Binder and others 1996; Powers and Binder 2001; Alaburda and others 2002; Hornby and others 2002; Hultborn and others 2004) and are only briefly summarized here. All the initial studies of motoneuron properties were done in preparations where neuromodulatory input was suppressed by deep anesthesia. These studies thus revealed the basic properties of motoneurons without neuromodulation. Like many neurons, the motoneuron has a very distinct threshold for generating action potentials, typically referred to as its recruitment threshold. As injected current is increased to depolarize the motoneuron above its voltage threshold for spiking, firing rate increases more or less linearly. The resulting frequency-current function defines the basic behavior of the motoneuron. A fundamental point that lies at the very heart of how motoneurons function is that the amount of current required to reach their recruitment threshold has a very wide range, about 10-fold ( Fig. 1 ). Note also that at high input levels, there is a transition from a primary range slope to a secondary range. Except for their thresholds, these frequency-current relations bear little relation to motor unit firing patterns in human subjects, where firing rates tend to be much lower (see section on PICS and motoneuron firing patterns in humans, below).
Motoneurons with low current thresholds tend to innervate slow but highly fatigue-resistant muscle fibers, forming type (slow) S motor units. Motoneurons with progressively higher thresholds innervate progressively faster and less fatigue-resistant muscle fibers, forming type fast, fatigue-resistant (FR) and fast, fatiguable (FF) motor units (Burke 1981; Binder and others 1996; Kernell 2006) . As a result, motoneurons are activated in a remarkably stereotyped sequence, proceeding from S to FR to FF. This sequence is often referred to as Henneman's size principle, because Henneman and colleagues emphasized that motor unit force increases progressively from S to FR to FF motor units and that size of the motoneuron itself is a primary determinant of motoneuron input conductance, which in turn is the primary determinant of the current required to reach threshold for the action potential (Henneman and Mendell 1981; Binder and others 1996; Kernell 2006) . Differences in membrane resistance are also important (Gustafsson and Pinter 1984) . The recruitment pattern of motoneurons does have a significant degree of variability, but this variability is only about 10% to 15% (Cope and Clark 1991; Haftel and others 2001) . The size principle of motor unit recruitment provides the fundamentally important advantages of minimizing fatigue and maximizing energy efficiency (Henneman and Mendell 1981) . Moreover, this same recruitment pattern has been shown to apply across a very wide range of motor behaviors-indeed a clear exception has yet to be demonstrated (Binder and others 1996) . This consistency of recruitment sequence is primarily due to the systematic differences in the threshold currents noted above, which exhibit an approximately 10-fold range that is larger than the variations in the organization of ionotropic synaptic inputs (Heckman and Binder 1993b; Haftel and others 2001) . Henneman thus also emphasized the computational importance of the size principle (Henneman 1990 ): higher level motor systems do not have to compute which motor units to use for different motor behaviors, but instead can rely on the motoneurons themselves to determine their own activation order. The present review emphasizes the major changes in motoneuron properties due to neuromodulatory inputs, but it should be emphasized that not a single neuromodulatory effect alters the basic hierarchy of motoneuron thresholds Heckman 1998a, 1998b) . Thus, Henneman's size principle of recruitment continues to apply as neuromodulatory input varies.
Neuromodulators and Motoneurons
Multiple neuromodulators influence the intrinsic excitability of motoneurons (reviewed in Rekling and others 2000; Powers and Binder 2001) , including dopamine (Clemens and Hochman 2004) and acetylcholine (via muscarinic Fig. 1 . Motoneuron frequency-current functions in the absence of neuromodulatory input. Each function has a sharp threshold current (x axis) followed an approximately linear increase in firing rate. At high input-output levels there is a transition to a steeper, secondary range. Motoneuron-innervated slow (S) twitch muscle fibers have the lowest threshold currents, as shown by the example at the left. Those innervating fast, fatigue-resistant (FR) fibers have moderate thresholds and those innervating fast, fatiguable (FF) fibers the highest thresholds. Thus the motoneuron tends to be recruited in order of S, FR, and then FF. Data are based on realistic computer simulations of motoneuron properties (Heckman and Binder 1991). receptors; Miles and others 2007) . Yet a wide range of studies show that the monoamines serotonin (5HT) and norepinephrine (NE) have such powerful effects that the descending monoaminergic input from the brainstem is probably the primary control system for motoneuron excitability (reviewed in Heckman and others 2003; Hultborn and others 2004) . The effects of 5HT and NE on motoneuron excitability are diverse (reviewed in Rekling and others 2000; Powers and Binder 2001) , ranging from hyperpolarization of spike voltage threshold (Krawitz and others 2001; Fedirchuk and Dai 2004) to reduction in the spike after hyperpolarization (AHP) amplitude to subthreshold depolarization. The impact of monoamines on PICs in motoneurons is especially potent.
PICs in Motoneurons
PICs in motoneurons were first studied by Crill (1980a, 1980b) , who used K channel blockers to reveal PICs in deeply anesthetized preparations. A major breakthrough was achieved by Hounsgaard and colleagues (1988) when they demonstrated that firing behaviors consistent with strong PICs were clearly present in the decerebrate cat preparation and that these behaviors were dependent on tonic activity in descending monoaminergic inputs to the cord. Initially, most attention was focused on the striking phenomenon of "bistability," in which a short pulse of excitatory input could produce "self-sustained" firing, which then could be terminated by a short pulse of inhibition. When spikes were blocked, long-lasting plateau potentials were evident. Hounsgaard and colleagues (1988) emphasized the potential importance of selfsustained firing for maintenance of posture, allowing the steady motoneuron firing required for steady postural force to be generated without sustained descending input. A series of studies both in vitro (Hounsgaard and Kiehn 1993; Carlin and others 2000) and in vivo Bennett and others 1998b) established that most of the PIC is of dendritic origin. As yet, studies of the distribution of voltage-sensitive ion channels that contribute to the PIC are just beginning, but these too are consistent with a dendritic origin (Carlin and others 2000; Simon and others 2003; Ballou and others 2006) . The development of voltage clamp techniques in the decerebrate cat preparation (reviewed in Heckman and Lee 2001) focused attention on a different aspect of dendritic PICs: their potent amplification of synaptic input Heckman and others 2000) . These initial studies of amplification of synaptic input during voltage clamp also suggested that at least 70% of the PIC is generated in dendritic regions . Synaptic amplification by the PIC is discussed further below-its regulation by neuromodulation is likely a fundamental underpinning of motoneuron firing patterns.
Basic Properties of PICs
During a linearly rising voltage ramp, the PIC manifests as a strong downward deflection in the net current ( Fig.  2A ). If the PIC is large relative to the leak conductance, it induces a strong negative slope in the net currentvoltage (I-V) relationship ( Fig. 2B ). Above the voltage range for PIC activation, activation of voltage-sensitive outward currents, presumably generated by K channels , restore a positive slope to the I-V function. Note also that as the voltage is linearly returned to the original holding potential, the PIC remained on although the cell had been depolarized for more than 5 seconds (the sustained peak in Fig. 2A, B) a clear indication of its persistence. Equally important, the deactivation of the PIC occurs at a more hyperpolarized voltage than does its activation (typically 10 to 20 mV; Lee and Heckman 1998a) . This hysteresis in activation/deactivation is a hallmark of PIC behavior and produces a similar hysteresis in the relationship between injected current and firing frequency (Hounsgaard and others 1988; Lee and Heckman 1998b) . Although initially assumed to result from the PICs largely dendritic location compared with the clamp applied at the soma of the cell, hysteresis is now known to be an intrinsic The persistent inward current (PIC) is manifest as large downward deflections on both the rising (initial peak) and falling (sustained peak) phases. (B) I-V plot for the data in A. The amplitude of the PIC is calculated in comparison with the linear leak I-V function (dashed line). Data are from Lee and Heckman (1998a) .
behavior of the Ca currents that generate a substantial fraction of the PIC (Moritz and others 2007) .
Two Components to the PIC in Motoneurons
The ionic basis of PICs in motoneurons was first studied by Hounsgaard and Kiehn (1985) , using slices of the turtle spinal cord. This preparation was a major breakthrough, because motoneurons are exceptionally large (as shown in Fig. 4 ) and it is difficult to get them to survive in vitro. The turtle preparation continues to provide fundamentally important results on motoneuron properties and inputs (Alaburda and others 2002; Hornby and others 2002) , but mammalian in vitro preparations have also been developed, for young adult motoneurons (Carlin and others 2000; Powers and Binder 2003) and fully adult motoneurons in the sacral portion of the cord (Bennett and others 2001; Jiang and Heckman 2006) . Voltage clamp in vivo in the adult feline spinal cord has also contributed information on the cellular properties of PICs (Lee and Heckman 1999b) . Overall, these studies have shown that the PIC in mammals is generated primarily by two types of channels: L-type Ca 2+ channels (probably CaV 1.3) and persistent Na + channels (molecular subtype unknown; Lee and Heckman 1999b; Li and others 2004a) . Thus there is a CaPIC and an NaPIC. These two components have very different behaviors. The CaPIC activates slowly (time constant of around 50 ms) but is highly persistent (Svirskis and Hounsgaard 1997; Lee and Heckman 1998a; Li and Bennett 2003; others 2005, 2006; Li and others 2007) . The CaPIC also exhibits warm-up, a tendency to increase in amplitude with repeated stimulation, and is likely the primary source of hysteresis in PIC onset/offset (Svirskis and Hounsgaard 1997; Bennett and others 1998a; Lee and Heckman 1998a; Moritz and others 2007) . The NaPIC is fast activating but tends to show more rapid inactivation-although still generating a current that can last a few seconds (Lee and Heckman 1999b; Kuo and others 2003a; Li and Bennett 2003; others 2005, 2006a) . NaPIC also plays an essential role in initiating spikes during repetitive firing Kuo and others 2003a; Harvey and others 2005; Theiss and others 2007) .
Amplification and Prolongation of Excitatory Synaptic Input by Dendritic PICs
The possibility that motoneuron dendrites have active properties has long been considered, and evidence for active boosting was first obtained by Redman and colleagues using K channel blockers (Clements and others 1986) . Because most of the PIC is generated in dendritic areas, it is perfectly placed to influence synaptic input. Figure 3 illustrates the effects of the PIC on a sustained excitatory synaptic input generated by muscle spindle Ia afferents. High-frequency activation of this pathway generates a steady excitatory synaptic current with a crisp onset and offset-but only when the cell is clamped at a hyperpolarized potential (Fig. 3A) . When the cell is clamped at a depolarized potential, approximately equal to the level at which spiking would occur in the unclamped state, the very same input generates much larger net synaptic current due to activation of the dendritic PIC (baseline currents removed to allow traces to be superimposed). Equally important, the PIC continues to be active once the excitatory synaptic input is turned off. The difference between the depolarized and hyperpolarized currents provides an estimation of the effect of the dendritic PIC (Fig. 3B ). This prolongation of current after excitation is removed is the very essence of motoneuron PICs and is the fundamental behavior that produces bistability and self-sustained firing, which are illustrated in Figure 3C . Therefore, a hyperpolarizing input is required to deactivate the PIC. This resistance to deactivation is probably due to both the largely dendritic generation of the PIC (Gutman 1991) and its intrinsic properties (hysteretic behavior, see above; Moritz and others 2007) . It should be emphasized that the prolongation component of the PIC varies with the type of Baseline holding currents are removed to allow the traces to be superimposed. (B) The difference between the currents in A reflects the net contribution of the dendritic PIC. (C) In unclamped conditions, the same input produces a steady excitatory postsynaptic potential (EPSP) at hyperpolarized levels (~-90 mV). At a more depolarized level (-70 mV), the same input evokes intense repetitive firing, following by continued, selfsustained firing at a lower level when the input is removed. Data are from Lee and Heckman (1996) .
motoneuron. Low-threshold cells, which likely are part of slow twitch motor units (type S; Burke 1981), have very long lasting PICs and strong bistability Heckman 1998a, 1998b) . PIC amplitude and synaptic amplification remains just as strong in progressively higher threshold motoneurons (for type FR and FF motor units; Lee and Heckman 2000) , but the input prolongation decreases in duration and bistability weakens. Nonetheless, even in high-threshold motoneurons, PICs can significantly outlast synaptic inputs.
Neuromodulatory Control of Dendritic PICs.
The source of nearly all of the 5HT found in the CNS arises from a handful of nuclei located in the pons and medulla of the brainstem. The rostral groups generally project to the forebrain; and the inferior groups supply 5HT terminals to the spinal cord (Jacobs and Azmitia 1992) . Spinal motoneurons are densely covered with synapses containing 5HT, from the soma to very distalmost dendrites ( Fig. 4 ; Alvarez and others 1998). The strong facilitation of PICs and other excitatory effects of 5HT are likely mediated via 5HT2 receptors, although it is not yet clear which of the 2a, b, or c subtypes are most important (Miller and others 1996; Perrier and Hounsgaard 2003; Harvey and others 2006a) . The axons containing NE also arise from the brainstem, in the locus ceruleus and nearby subceruleus (SC), Kölliker-Fuse, and parabrachial nuclei (Björklund and Skagerberg 1982) . Motoneurons are as densely covered by NE-containing synapses with 5HT synapses, again including the distal-most part of the dendritic tree (Rose PK, Queens University, personal communication). It is likely that the facilitatory effects of NE on motoneurons are mediated by NE α1-receptors (Wada and others 1997; Lee and Heckman 1998a , 1999a Harvey and others 2006b) . The relative effects of NE and 5HT on the PIC have not been directly quantified but appear to be about equally strong (Lee and Heckman 1999a; Harvey and others 2006b) .
PIC Mediated Amplification of Synaptic Input and its Neuromodulatory Control
PIC-mediated amplification of synaptic input is utterly dependent on descending monoaminergic drive. The cellular mechanisms of these neuromodulatory actions are not yet clear but may involve changes in intracellular Ca 2+ levels (Perrier and others 2000) . Figure 5 shows excitatory synaptic currents as a function of voltage clamp holding potential, in three cells from preparations with three different levels of monoaminergic drive. At low levels, synaptic current decreases as membrane potential is depolarized. This is the classic effect of decreasing drive force (note, however, the downward curvature-this probably indicates activation of voltagesensitive outward [K + ] currents in dendritic regions). At medium levels, synaptic current actually increases with depolarization due to activation of the dendritic PIC. Moreover, this increase occurs right at the membrane potential at which repetitive firing of action potentials would occur in the unclamped state. At high levels, the PIC amplification (green arrow) is really striking. Medium levels of monoaminergic drive result in two-to four-fold amplification of excitatory input; high levels produce fiveto six-fold amplification Lee and Heckman 2000) . Note, however, once the PIC is activated, synaptic efficacy drops dramatically to less than at hyperpolarized levels. Thus, the PIC both amplifies and then limits synaptic input. This combination of effects is the basis for the paradoxical actions that PICs generate in motoneuron firing patterns.
Neuromodulation of Motoneurons in Normal Motor Behavior
The output of brainstem monoaminergic nuclei is not constant but varies in different behaviors. The firing rate of neurons in the caudal raphe nuclei, which are the primary source of spinal 5HT, vary in proportion to intensity of motor outflow-for example, the faster the speed of locomotion, the higher the rate (Jacobs and others 2002). The noradrenergic system (locus ceruleus and nearby nuclei) primarily varies its activity with state of arousal (Aston-Jones and others 2001). Both systems are inactive in the sleeping state. The profound effect of monoaminergic input on motor output can be estimated with a reasonable degree of accuracy by computer simulations of motoneurons and muscle units. The initial simulations relied on data for motoneurons in the absence of neuromodulatory input (taken from studies in deeply anesthetized preparations; Heckman and Binder 1991; Fuglevand and others 1993) . These simulations revealed that the pool-muscle input-output function is 268 THE NEUROSCIENTIST Influence of Persistent Inward Currents approximately sigmoidal, as illustrated in Figure 6 (right-most curve). The average gain of this "base" state input-output function has proven to be very low. The synaptic currents generated by a variety of ionotropic sensory and descending inputs have been quantified by Powers and Binder (2001) . Comparison of the resulting set of current amplitudes to the simulated base-state input-output function showed that even maximal activation of all of these inputs would produce less than 30% to 40% of maximum motor output (Heckman 1994 and unpublished studies) . A similar conclusion has been reached by Cushing and others (2005) , who showed that 100% activation of all excitatory synapses on a morphological realistic motoneuron barely produced enough current at the soma to bring the cell to threshold, much less to generate sufficient firing for maximal force. The very low excitability of motoneurons in the absence of monoaminergic input is consistent with the effects of acute spinal transection, where motoneuron excitability is so low that reflexes are almost entirely absent (Miller and others 1996; Bennett and others 2001) . In the simulations, adding the effects of monoamines on PICs, spike threshold, and so forth markedly increase gain, so that a medium to high level of monoaminergic input allows maximum force generation from a maximal input (Fig.  6, middle and left curves) . Thus, at minimum, a moderate level of monoaminergic input appears to be required for normal motor behavior.
PICs and Motoneuron Patterns in Humans
The PIC produces four effects on motoneuron firing that are unique and unlikely to be attributable to any other mechanisms. Induction of self-sustained firing by a relatively brief input is a particularly clear hallmark of PICs (Fig. 3 ; Schwindt and Crill 1980a; Hounsgaard and others 1988), especially in low-threshold motoneurons of type S motor units Heckman 1998a, 1998b) . As low-threshold motor unit firing patterns are the ones most easily measured in human subjects, the clear prediction is that self-sustained firing should be readily detectable in humans. This is indeed the case, with a short excitation via tendon vibration inducing longlasting firing in motor units that were previously quiescent (Kiehn and Eken 1997; Gorassini and others 1998; Gorassini and others 2002a; Walton and others 2002) . All of these studies used paired unit recordings, in which a steadily firing unit was used to monitor the background of synaptic input to avoid confusing self-sustained firing with an overall increase in background drive. An alternative, and striking, method of inducing PIC activation is high-frequency electrical stimulation, which Collins and colleagues have demonstrated consistently produces force enhancement that is probably due to PIC effects (Collins and others 2001; Nickolls and others 2004) . PICs also exhibit onset-offset hysteresis, in that they are deactivated at a more hyperpolarized level than they are activated (Fig. 2) . In motor units in humans, hysteresis should be apparent by comparing recruitment versus derecruitment behaviors. Gorassini and colleagues (2002a) developed a paired motor unit method to demonstrate that low-threshold units manifest recruitment-derecruitment hysteresis. It should be noted here that, just as for Fig. 5 . Dependence of persistent inward current (PIC) amplification on level of neuromodulatory input. Each trace shows the synaptic current generated at the soma by a steady synaptic input while the voltage clamp holding potential is linearly depolarized. (Red trace) Low levels of drive (acutely spinalized preparation to eliminate descending monoaminergic input). (Blue trace) Medium level (intact cord decerebrate preparation, with tonic descending monoaminergic drive). (Green trace) High level (intact cord decerebrate with exongenous administration of the noradrenergic agonist α1-agonist methoxamine). The stronger the neuromodulatory drive, the larger the PIC-mediated amplification. But once the PIC is activated (above -40 mV), synaptic current decreases dramatically. Data are from Lee and Heckman (2000) . Fig. 6 . Effect of descending monoaminergic input on the net input-output gain of a motor pool and the muscle it innervates. Computer simulations closely based on the properties of the motor units of the cat medial gastrocnemius muscle and motor pool. As monoaminergic input increases, overall slope (gain) greatly increases. Dashed line and arrow: approximate maximum ionotropic input that descending and sensory systems can generate in motoneurons. Dotted line and arrow: force and input range required for posture in this muscle. demonstration of self-sustained firing, it is essential to use a paired, lower threshold unit as the estimate of synaptic input. A third manifestation of the PIC, not yet considered in this review, is the phenomenon of "warm-up." This phenomenon is characteristic of L-type Ca channels (Lipscombe and others 2004) and has been shown to be strongly present in motoneurons with PICs (Svirskis and Hounsgaard 1997; Bennett and others 1998a) . Basically, the PIC grows in amplitude with repeated, closely spaced activations. In human subjects (Gorassini and others 2002b) , recruitment thresholds can be decreased with repeated stimuli, appropriately spaced to generate PIC warm-up.
A fourth fundamental property of the PIC is the combination of amplification followed by saturation (Fig. 5) . The prediction for firing patterns in human subjects is that firing rate should initially increase steeply but then switch to a much lower slope as the PIC becomes fully active. This dual slope pattern is, in fact, a very common feature of motor unit firing patterns in humans (Binder and others 1996; Hornby and others 2002; Heckman and others 2005; Kernell 2006 ), being evident even in studies where other signs of PICs may be absent (Fuglevand and others 2006) . Although this pattern has been suggested to indicate an absence of PICs in humans, it is readily apparent in motoneurons with strong PICs in the decerebrate preparation as well (Lee and others 2003) , as illustrated in Figure 7 (A, B, and C) . When a linearly increasing current is injected into the cell, an inflection is evident although the change in slope is often moderate (Fig. 7A ). If, however, synaptic input is applied (here evoked by linear muscle stretch) instead of artificial injected current, activation of the PIC produces a very strong saturation (as illustrated by the synaptic current in 7B). This strong saturation likely occurs because most of the synaptic input enters via the dendrites where most of the PIC is generated. In contrast, injected current enters at the soma and is relatively ineffective in activating the PIC Bennett and others 1998b) . Thus, synaptic current is more strongly amplified than injected current but also subject to stronger saturation. When the cell is allowed to fire (Fig. 7C ) in response to this synaptic input, the same pattern occurs: initial steep rate modulation followed by saturation. This is the pattern often seen in human subjects, as illustrated by the example in Figure 7D . In fact, most of rate modulation in human subjects appears to take place once the PIC is already activated-this has been referred to as "rate limiting" (Heckman and Binder 1993a) or the "preferred firing range" (Kiehn and Eken 1997; Hornby and others 2002) . This is really a surprising result: in human subjects, there is no trace of the primary range of motoneuron frequency-current functions seen in preparations without neuromodulatory input (Fig. 1 ). All of these PIC manifestations in human motoneuron firing patterns suggest that the PIC threshold is at or below recruitment threshold of type S motoneurons in humans (Heckman and others 2005) . This possibility is entirely consistent with the PIC properties seen in cat and rat motoneurons Heckman 1998a, 1998b; Li and Bennett 2003; Li and others 2004a) . Overall, PICs have a paradoxical impact on firing patterns: a great increase in excitability due to amplification coupled to a restriction in rate modulation due to saturation.
Demonstrations of "PIC-like" firing patterns in humans are necessarily indirect. Studies with pharmacological agents that influence the PIC would be helpful in further identifying its role in motor behavior. Two initial studies are consistent with PIC predictions: caffeine, which increases the level of NE in the CNS, significantly increases the percent of motor units in humans that exhibit self-sustained firing (Walton and others 2002) Fig. 7 . Firing patterns in response to synaptic input in cat and man. (A) Firing response to linearly increasing injected current in cat motoneuron with a strong persistent inward current (PIC). (B) Synaptic currents in the same motoneuron generated by linear muscle stretch. The lower, thin trace was generated when the cell was held hyperpolarized to avoid activation of the dendritic PIC. The thick trace was the response to the same stretch, but with the clamp holding potential placed at the voltage at which spiking would occur in the unclamped state. The extra current and the saturation reflect PIC activation. (C) Firing pattern to the same stretch, same cell. (D) Example of motor unit firing in a human subject during a voluntary contraction in which joint torque increases linearly. Biceps muscle. Data are from Mottram C (unpublished studies). and baclofen, which may suppress the PIC, appears to reduce the initial rate of increase in motoneuron firing that is likely to be dominated by PIC activation (Hornby and others 2004) . Much further work along these lines is needed.
Diffuse Descending Neuromodulation, Specific Local Inhibition
Descending monoaminergic inputs to motoneurons are diffuse (Björklund and Skagerberg 1982) , affecting many motor pools simultaneously, including agonists and antagonists. Once a PIC is activated, its persistent nature and its tendency for hysteresis means that simply withdrawing the activation does not turn it off. Thus, excitation could easily spread throughout the motor pools in a limb, both agonists and antagonists, strongly biasing the motor system to co-contraction. Although co-contraction is valuable in motor tasks requiring a high degree of stability, reciprocal activation is a hallmark of locomotion and many coordinated movement patterns.
Fortunately, the PIC is very sensitive to inhibitory synaptic input (Hultborn and others 2003; Kuo and others 2003b) . The classic reciprocal inhibitory connections between antagonists, which are mediated by interneurons activated by muscle spindle Ia afferents (Jankowska 1992) , may provide a solution to the problem of the diffuse nature of monoaminergic input. Ia reciprocal inhibition is a tightly focused pathway, shared only between strict mechanical antagonists (Eccles and Lundberg 1958; Nichols and others 1999) . Ia afferent firing is generated by changes in muscle length and we have recently shown that moderate changes in joint position can modulate the PIC amplitude by as much as 50% (Hyngstrom and others 2007) . This result supports a new concept: that the focused effects of Ia reciprocal inhibition in suppressing the PIC allow specific movement patterns to be "sculpted" from a diffuse neuromodulatory background. We thus argue that a specific local inhibitory circuit opposes the diffuse descending neuromodulation. At present, it is not entirely clear whether this local inhibitory control is purely ionotropic or perhaps has a neuromodulatory compontent via activation of GABAb receptors. Classically, Ia reciprocal inhibition is considered to be mediated via glycinergic receptors (Jankowska 1992) , but a small GABAergic component has not been ruled out.
Different Motoneuron "Modes" for Different Motor Behaviors?
Perplexing aspects of the behavior of the PIC remain. Clearly the PIC tends to prolong input, especially in low-threshold type S motoneurons that are active during posture. Figure 3 gives the impression that it takes a rather substantial input to get the PIC going, but this is not the case. Figure 8 shows that an input pulse as short at 100 ms can produce a sustained PIC. Does this sustained behavior act as a temporal integrator? For posture, a tonic force level is needed as a base of support and having type S motoneurons generate this tonic force by self-sustained firing seems ideal-but does this mean that the motor commands in response to postural perturbation should be designed to assume that S motoneurons will integrate their synaptic input? Considerable further work is required to understand the dynamics of PIC processing of input. A related question occurs for very rapid inputs. The CaPIC is slow activating and is likely the main component that supports self-sustained firing. But the NaPIC is fast activating and thus the dendritic PIC does amplify fast synaptic inputs (Jones and Lee 2006) . It is thus possible that the NaPIC forms a bridge to the sustained activation of the CaPIC. To what degree does this prolong or distort transient synaptic inputs? The way the PIC interacts with other voltage-sensitive currents is also not fully defined. For example, the PIC interaction with the H current in subthreshold regions could produce a resonant behavior in motoneurons (Manuel and others 2007) .
Given these questions, one possibility is that motoneurons have different "modes" of synaptic processing for different motor behaviors. For example, if inhibition is very strong, then the effects of the PIC can be minimized. Such a state has recently been demonstrated during the scratch reflex in turtle motoneurons: the inhibition increases in phase with the excitation, inducing a high conductance state similar to that likely to exist in cortical cells in vivo (Berg and others 2007) . Figure 9 from Perreault (2002) provides an exceptionally clear demonstration of two modes in a single cell. The oscillations for the scratch reflex are generated against a baseline of strong hyperpolarization that substantially increases input conductance (Fig. 9B ). Yet simply irritating the ear on the opposite side of the body generates sustained depolarization that is very likely due to a PIC (Fig. 9A) . It is notable also that the scratch drive potentials increase dramatically with depolarization in mammalian motoneurons (Perreault 2002) , unlike the case for turtle motoneurons (Berg and others 2007) . Whether this "amplification" is due to a PIC that is not fully suppressed by the inhibitory background or is due instead to activation of N-methyl-Daspartate receptors is an issue that requires further study. A diversity of neuromodulatory control is a hallmark of invertebrate neurons and our understanding of this issue for the motor output stage of vertebrate systems still lags that of invertebrate systems (Nusbaum and Beenhakker 2002; Marder and Bucher 2007) . Overall, important unanswered questions remain about PICs and their interactions with other currents during the wide range of normal motor behaviors.
PICs, Neurotrauma, and Neurodegeneration
If, as argued here, the PIC is fundamental to motor output, then PICs would be expected to exhibit plasticity following spinal cord injury, which eliminates monoaminergic inputs along with all other descending inputs. Bennett and colleagues have shown that PICs do, in fact, exhibit remarkable plasticity following spinal injury (Li and Bennett 2003; Harvey and others 2006b) . Initially following a complete spinal injury, motoneuron PICs are sharply reduced in amplitude, consistent with their requirement for facilitation by descending monoaminergic systems. As noted above, this loss of PICs and the other effects of monoamines on motoneuron properties result in a dramatic decrease in excitability. Yet, in rats, over the course of about 3 months, PIC undergo a remarkable up-regulation and recovery, to reattain an amplitude as large or larger than the normal state. Both the CaPIC and NaPIC are included in this recovery. Long-lasting spasms to a variety of stimuli recover with the same time course (Li and others 2004b). Gorassini and colleagues (2004) have shown that these same events occur in human spinal cord-injured subjects and thus the PIC may play a central role in the spasms induced in spinal cord injury. For example, spinal cord-injured subjects at least 8 months after injury exhibit spontaneous and self-sustained firing of motor units that may continue for minutes at very low firing rates with low spike-to-spike variability. When voluntary muscle contractions were superimposed on the spontaneous firing (i.e., increasing synaptic drive or noise), mean firing rates and variability in firing rates increased. This suggests that the slow spontaneous firing observed in chronic spinal injury likely occurs without appreciable synaptic noise. Furthermore, Zijdewind and Thomas (2001) observed the start and termination of spontaneous activity in one motor unit in a hand muscle of chronic cervical spinal cord-injured subjects without a change in firing behavior of concurrently firing units, suggesting that the source of firing was intrinsic to the motoneuron. In fact, recent studies in rats provide evidence that this slow firing is caused by repetitive activation of the subthreshold portion of the NaPIC (Li and Bennett, 2003; Li and others 2004a) . The slow and regular spontaneous firing profiles observed in spinal cord injury are in contrast to the higher firing rates and more variable firing profiles observed in the spontaneous firing of spastic stroke survivors while at rest (Mottram and others 2007) . The wider range of variability in spontaneous firing of stroke survivors than spinal cord-injured patients suggests that the spontaneous firing in stroke survivors may be attributable to additional excitatory synaptic drive superimposed on NaPIC-mediated firing.
PIC plasticity might also be expected in amyotrophic lateral sclerosis (ALS), which is characterized by degeneration and death of motoneurons. As yet, only the NaPIC has been studied in the standard animal model of ALS, the mutant SOD1 mouse. In motoneurons cultured from these animals, only one electrical property was changed: the NaPIC was up-regulated, increasing mutant SOD1 motoneuron excitability others 2004, 2005) . The changes in PICs in young and mature animals have not been systematically investigated as yet, but the increase in PICs in embryonic cell culture suggests that very early changes take place in motoneurons in this disease. Consistent with this, Durand and colleagues (Durand and others 2006; Bories and others 2007) have recently shown that neonatal motoneurons undergo an increase in input conductance, but whether this occurs in response to an elevated NaPIC or some other effect is presently unknown. Moreover, changes in the CaPIC have not yet been investigated, because cultured cells largely lack this fundamental component of motoneuron excitability. Nonetheless, it is evident that the PIC is subject to strong homeostatic regulation, so that PICs recover in response to spinal injury. It is possible that disruption of this regulation may be a major contributor to the progression of ALS.
Conclusion: Can Motoneuron Firing Patterns in Humans Reveal the Organization of Motor Commands?
Although many questions remain, progress in the past decade in understanding PICs in motoneuron dendrites and their impact on synaptic processing has been Fig. 9 . Two distinct modes of behavior in a single motoneuron. Spikes have been blocked (QX314 in the intracellular electrode). On the left, a scratch reflex has been evoked by irritating the ipsilateral ear. Note the onset of inhibition (arrow) before the scratch oscillations. On the right, irritation of the contralateral ear produced a completely different response in the same neuron, a weight support response mediated by a sustained plateau potential with no inhibition. Input conductance of the cell during the scratch was substantially larger than during the weight support responses. Data from Perreault (2002) , used with permission of the author. substantial. Serious efforts to create realistic models of motoneurons with PICs have begun (Elbasiouny and others 2005; Bui and others 2006; Elbasiouny and others 2006; Shapiro and Lee 2007) . These successes suggest that models of entire motor pools that were initially attempted more than 10 years ago (Heckman and Binder 1991; Fuglevand and others 1993; Heckman and Binder 1993a, 1993b) should again be revisited and brought up to date with accurate PIC representations. It is also necessary to accurately represent the other potent effects of monoaminergic inputs, such as the hyperpolarization of spike thresholds (Krawitz and others 2001; Dai and others 2002) . If such models can represent the dendritic PIC in a biologically realistic manner, then it may become possible to "reverse engineer" motor unit firing patterns in human subjects and intact animals. The goal of such a project would be to identify the organization of the synaptic input producing these patterns, in terms of the relative roles of ionotropic versus neuromodulatory input, the temporal dynamics of these two types of inputs, and their relative distribution of each among the S, FR, and FF motoneurons that make up the pool. A key problem for this endeavor will undoubtedly be that a given firing pattern can be reproduced by more than one input organization (compare Prinz and others 2004), but modeling methods to quantify this problem and identify potential "classes" of solutions are being developed by Lee and colleagues (Mitchell and others 2007) . If this goal can be realized, then the unique window on CNS function provided by the motoneuron could be used to greatly deepen our insights into the structure of motor commands in both normal and abnormal states.
